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For ceramic samples obtained from powders after milling and synthesis in a reactor using illite clay as a binder 
the following were determined as a function of the temperature regime during spark plasma sintering: deve¬ 
lopment of crystal phases (mullite, pseudocubic zirconium dioxide, and zircon), microstructure, linear shrink¬ 
age, apparent density, and compression strength. X-ray phase analysis showed intense development of the 
mullite phase and pseudocubic zirconium dioxide in all samples with increasing sintering temperature; forma¬ 
tion of a dense microstructure of the samples is also observed. In addition, the linear shrinkage of the samples 
increases with increasing sintering temperature; the apparent density and compression strength of the samples 
also increase with milling time increasing to 24 h and introduction of clay into the samples, showing maxi¬ 
mum values 3.45 g/cm 3 and 252.0 MPa, respectively. 
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Mullite-zirconium ceramic is of interest for the manufac¬ 
ture of heat-proof and high-temperature ceramic materials 
based on it. Mullite-zirconium ceramic is characterized by 
high physical-mechanical properties [1,2]. 

Both the conventional method of sintering [3, 4] and 
modem methods, for example, microwave [5] and hot or hot 
isostatic sintering [6], are used to obtain such ceramics. A 
newer pressing/sintering method has been in use in recent 
years — spark plasma sintering [7]. 

As a quite new form of pressing/sintering spark plasma 
sintering is more often used to obtain oxygen-free ceramics, 
such as TiC, TiN, WC, MoSi, Si 3 N 4 , ZrC, ZrB ? , and others 
[8-10], as well as single-component oxide ceramic [11]. It 
is indicated in a series of publications [12, 13] that a 
multicomponent ceramic, including mullite-zirconium, can 
be obtained by this method. 

Aluminum, silicon, and zirconium oxides or similar mix¬ 
tures containing clay are used as initial materials to obtain 
mullite-zirconium ceramic by spark plasma sintering [14]. A 
characteristic feature of such compositions is that in course 
of spark plasma sintering clay acts simultaneously as a flux 
and a source of formation and development of the mullite 
phase on account of the decomposition of the clay. Mixtures 
consisting of aluminum oxide (a-Al 2 0 3 ) and zirconium sili¬ 
cate (ZrSi0 4 ) [13, 15], which at 1200°C decomposes with 
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zirconium dioxide and silicon dioxide being formed, are also 
used. The mullite phase forms from such a mixture of com¬ 
ponents via the reaction [13] 

2ZrSi0 4 + 3A1 2 0 3 -a 3A1 2 0 3 • 2Si0 2 + 2Zr0 2 . 

In spite of its uniqueness, i.e., compaction and sintering 
of the ceramic powder occur together, sintering at relatively 
high temperatures is fast and uniform, and grain growth (i.e., 
recrystallization) in the ceramic powder in the course of 
sintering is prevented, spark plasma sintering has a number 
of technological and economic drawbacks: only simple sam¬ 
ple shapes can be obtained; binding agents capable of im¬ 
proving the sintering of powders (for example, the introduc¬ 
tion of Y 2 0 3 or A1 2 0 3 to sinter oxygen-free ceramic) must be 
used; the process is highly energy intensiveness; and, the 
generator used for the plasma discharge and the graphite 
mould for pressing are expensive [13, 15]. All this taken to¬ 
gether prevents wide use of this method. 

The introduction of zirconium dioxide into mullite ce¬ 
ramic [13] with sintering to 1500°C increases the apparent 
density (in the range 2.76 - 3.00 g/cm 3 ) and compression 
strength (to 275 MPa) of the samples. The maximum value 
of the elastic modulus at sintering temperature 1300- 
1500°C is 25.5-34.0 GPa [13, 15]. However, no informa¬ 
tion on the use of clay as a binder is reported in these works. 

A possible mechanism [16] for the sintering of particles 
during spark plasma pressing consists of several stages: 

- passage of electric-discharge charge through the ce¬ 
ramic powder and Joule heating of the powder; 

399 

0361-7610/12/1112-0399 © 2012 Springer Science+Business Media, Inc. 






400 


A. V. Hmelov and I. Shteins 



Plasma discharge Electric discharge 


Fig. 1 . Possible mechanism for sintering of particles during spark 
plasma pressing [16]: a) plasma heating of powder; b ) intergrowth 
of particles with Joule heating. 


- formation of plasma between the powder particles; 

- intergrowth of particles (i.e., neck formation and 
growth) and obtaining a monolithic ceramic material (Fig. 1). 

The effect of the initial ceramic powders obtained by 
milling and hydrothermal synthesis using components of 
clay as a binder on the characteristics of mullite-zirconium 
ceramic manufactured by the conventional methods is exam¬ 
ined in [17, 18]. 

Spark plasma sintering was performed in the Model 
SPS-825 facility (Spark Plasma Sintering — SPS, Summi- 
moto; CE, Dr. Sinter, Japan) (Fig. 2). 

The objective of the present work is to determine the ef¬ 
fect of spark plasma sintering on the development of crystal¬ 
line phases, the microstructure, and the physical-mechanical 
properties of ceramic samples obtained from comminuted 
powders and powders synthesized by the hydrothermal 
method, using illite clay as the binder, in the ternary system 
Al 2 0 3 -Si02-Zr02 with Y 2 0 3 addition. 

The ceramic powders obtained were placed in amounts 
about 50 g into a 30 mm in diameter graphite mould. The 
sintering conditions for the ceramic powders were as fol¬ 
lows: 

- furnace medium — 6 Pa vacuum, which was held 
throughout the entire spark plasma pressing for a given 
sample; 

- sintering temperature range for the ceramic samples 
1150- 1400°C; 

- temperature rise rate 100°C; 

- maximum pressure on the samples 30 MPa; 

- soaking time at each value of the temperature 2 min. 

The composition of the crystalline phases in the ceramic 

obtained was determined using the x-ray diffraction method 
(model Rigaku, Japan, with CuK a radiation, scanning inter¬ 
val 20 = 10 - 60°, scanning rate 4 K/min) after each heat cy¬ 
cle of sintering. The micro structure of the ceramic samples, 
dimensions, and morphology of the crystalline particles were 
determined using a scanning electron microscope (SEM, 
model JSM-T200, Japan). 
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Fig. 2. Schematic diagram of the spark plasma sintering facility [19]. 


The apparent density was found from the ratio of the 
mass of a dry sample to the mass of a sample immersed in 
distilled water (i.e., to its volume) according to the standard 
ENLVS 63-01:2001: 


Papp £() /S 2 > 

where p app is the apparent density, g/cm 3 ; g 0 is the mass of 
the dry sample, g; g 2 is the mass of the sample immersed in 
water, g (Ph 2 o = ~ 1 g/cm 3 at T= 22 ± 2°C). 

The linear shrinkage of the samples was determined from 
the dimensions of the sample before and after spark plasma 
sintering following the standard EN LVS 63-01:2001 accord¬ 
ing to the relation 


a/ = YAx ioo, 

h 

where A/ is the linear shrinkage of the sample, %; / 0 is the 
size of the sample before spark plasma sintering, mm; and, 
/ 1 is the size of the sample after spark plasma sintering, mm. 

The compression strength of the ceramic samples was 
determined according to the standard EN 568-2:2003 using 
the TONI Technic Controller TT 0995 facility. Before the 
compression strength tests were performed the surfaces of 
the samples to which load was applied were carefully po¬ 
lished. 

In the present work the development of crystalline 
phases in ceramic samples obtained by spark plasma sin¬ 
tering from comminuted powders and powders synthesized 
by the hydrothermal methods in the temperature range from 
1200 to 1400°C, which is shown in the x-ray diffraction pic¬ 
tures (Fig. 3), was investigated. 

The x-ray diffraction patterns (Fig. 3a and b ) indicate in¬ 
tense formation and development of a mullite phase as well 
as pseudocubic zirconium dioxide, especially at temperature 
1400°C. This is explained by the presence of yttrium oxide 
Y 2 0 3 addition in the initial powder, which not only promotes 
a transition from tetragonal into pseudocubic [20] zirconium 
dioxide but also nucleation and formation of a mullite phase 
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Fig. 3. X-ray phase analysis of ceramic samples sintered by the spark plasma method from powder after milling for 24 h 
{a, b ) and powders after synthesis in a reactor (c, d ) in the temperature range 1150 (1200)- 1400°C, respectively: 
M) mullite (3 A1 2 0 3 • 2Si0 2 ), Z cub ) pseudocubic Zr0 2 , Z) zircon (ZrSi0 2 ), hydro (ihydro)) hydrothermal synthesis (hy¬ 
drothermal synthesis with clay addition). 


owing to the development of solid solutions based on alumi¬ 
num oxide with yttrium oxide starting from 1150 to 1400°C. 

Likewise, at relatively low temperatures in samples 
(starting at 1150 (1200)°C) pseudocubic zirconium dioxide 
forms owing to the presence of the vacuum in which spark 
plasma sintering occurs, forming quite stable solid solutions 
based on Zr0 2 with Y 2 0 3 , since at atmospheric pressure sim¬ 
ilar solid solutions form in the temperature interval 1900 - 
2100°C. 

At the same time a similar tendency is observe in sam¬ 
ples (Figs. 3c, d) obtained from powders synthesized in an 
autoclave, but some differences are noted. The x-ray diffrac¬ 
tion patterns show intensification of the diffraction peaks of 
mullite and a decrease in the amount of pseudocubic zirco¬ 
nium dioxide. The decomposition of aluminosilicate (similar 
to the mineral sillimanite) at temperature about 1000°C and 
the conversion (i.e., transformation) of clay minerals in the 
course of hydrothermal synthesis promote intense formation 
of mullite during spark plasma sintering. In addition, zircon 
formation is observed. From the practical standpoint this is 
an unwanted phenomenon for mullite-zirconium materials 
for the following reasons: 

- the fire-resistance of the materials decreases because 
silicon dioxide, which is necessary for mullitization, is con¬ 
sumed; 

- the operational temperature of refractories decreases 
because zircon decomposes (1400°C) and then silicon dioxi¬ 
de melt, which corrodes the refractory, is released. 

In the present case, judging from the intensities of the 
diffraction peaks of mullite, this effect is not so strongly ex¬ 


pressed because of the effect of excess [17] yttrium oxide in 
the initial compositions. The presence of clay also affects the 
formation of zircon. As Fig. 3d shows, the amount of zircon 
in the compositions with clay addition decreases consider¬ 
ably at the same incidence/reflection angles of the x-ray 
beam (29 ~ 28.52°) compared with the analogous sample 
with no clay, because the clay apparently acts as a flux in the 
sintered powder, thereby slowing down zircon formation. 

The crystalline phases and the ensuing micro structure 
change of the samples are observed in the results obtained 
with the SEM (Fig. 4). 

The studies showed differences in the microstructures of 
the samples, sintered by the spark plasma method, and syn¬ 
thesized initial powders obtained by different methods. 

In the first case (Fig. 4a), a uniform, dense, crystalline 
microstructure, in which uniformly distributed grains of 
pseudocubic zirconium dioxide are observed, is formed. The 

mullite crystals are very small, only 1-2 pm in size. 

The microstructure of a sample sintered from powder 
synthesized in a reactor is amorphous-like (Fig. 4b ). 

Pseudocubic zirconium dioxide is observed in small 
quantities. The main difference of this microstructure is the 
presence of incompletely formed (i.e., xenomorphic) mullite 
crystals, which is due to the decomposition of aluminosili¬ 
cate — sillimanite — in the course of spark plasma sintering. 

The increase of linear shrinkage (i.e., change of dimen¬ 
sions along height) of the samples as a function of the 
sintering temperature is shown in Fig. 5. 
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Fig. 4. Microstructure of ceramic samples after spark plasma 
sintering at 1300°C, obtained from comminuted powder, with 24 h 
milling (a) and powder after hydrothermal synthesis (b): mullite 
crystals (dark phase) and pseudocubic zirconium dioxide (white 
grains). 

The results of linear shrinkage of the samples sintered 
from powders after milling differ little from one another, ir¬ 
respective of the milling time. As expected, the most intense 
development of linear shrinkage is seen in the temperature 
interval from 800 to 1200°C in the sample sintered from 
powder after 24 h milling, reaching maximum shrinkage 
(45.0%) at 1200°C, which subsequently remains unchanged 
because of the formation of a quite completely sintered sam¬ 
ple. Slower sintering at temperatures from 1100 to 1200°C is 
seen for samples sintered from powders after milling for 4 
and 12 h. This is due to the lower activity of the particles and 
the presence of large particles in the comminuted powders 
[17]. Nonetheless, these samples at 1200°C also show high 
linear shrinkage 48.3 and 43.0%, respectively. The additional 
linear shrinkage of the sample (after 4 h milling) at tempera¬ 
ture to ~1250°C is related with the compaction of large parti¬ 
cles, but on the whole the sintering process is already com¬ 
plete at this stage. 

The sample made from powders of hydrothermal origin 
shows an interesting dependence of the linear shrinkage on 
the sintering temperature. At first the changes of the linear 
shrinkage to 900°C appear in a similar manner, just as in the 
case of sintering of samples obtained from comminuted pow¬ 
ders. But, at temperatures from 900°C to 1000°C the linear 
shrinkage increases sharply to 36.7%. This is because the ini¬ 
tial powder after hydrothermal synthesis contains agglome¬ 
rates which under the pressure of the load start to break down 
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Fig. 5. Development of linear shrinkage of samples in the course of 
spark plasma sintering in the temperature range 500- 1400°C: 
1 ) hydrothermal synthesis; 2,3,4) powder milling time 4, 12, 24 h, 
respectively. 


Conventional sintering 



Fig. 6. Change of the apparent density of ceramic samples sintered 
by two methods — conventional and by spark plasma sintering at 
1300°C: i) samples with illite clay addition; h) hydrothermal synthe¬ 
sis, samples with no clay; ih) hydrothermal synthesis with illite clay 
addition. 


in the course of spark plasma sintering, forming smaller and 
more active particles giving rise to sintering of the powder. 
However, the reverse effect appears at temperatures from 
1000 to 1100°C — the linear shrinkage of the sample de¬ 
creases because of the agglomeration of the newly formed 
particles in the powder and then remains unchanged. 

Likewise, the apparent density and compression strength 
of the samples increase in parallel with the linear shrinkage 
(Figs. 6 and 7). 

In Fig. 6 the apparent density of a sample sintered by dif¬ 
ferent methods differs considerably. For example, the appar¬ 
ent density of the samples sintered under the influence of a 
plasma discharge from powders after 24 h milling with illite 
clay addition reaches 3.45 g/cm 3 , which, evidently, is sev¬ 
eral-fold greater than that (1.94 g/cm 3 ) of the sample sin¬ 
tered conventionally and containing clay. This is explained 
by the more active “overgrowth” of closed pores during 
spark plasma sintering. In spite of this, the tendency for the 
apparent density to increase with increasing milling time, 
i.e., dispersity of the powder, irrespective of the sintering 
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Conventional sintering 



Fig. 7. Change of the compression strength of ceramic samples 
sintered by two methods — conventional and by spark plasma 
sintering at 1300°C: i) samples with illite clay addition; h) hydro- 
thermal synthesis, samples with no clay; ih) hydrothermal synthesis 
with illite clay addition. 

method is uniform in all samples. The fact that the apparent 
density of the samples (lOh and lOih) is lower than that of 
samples sintered from comminuted powders is probably due 
to the high crystallinity of the hydrothermal powders. 

The change of the compression strength (Fig. 7) of the 
samples as a function of the analogous parameters has a ten¬ 
dency to increase, only more rapidly and especially with clay 
additive. 

The highest compression strength of the samples corre¬ 
sponds to the longest milling time, including for samples ob¬ 
tained from powders by the hydrothermal method. At the 
same time an increase of compression strength of the sample 
(24i) with illite addition is very considerable, reaching the 
maximum value 250 MPa, compared with the sample 
(162 MPa) sintered conventionally. Such high compression 
strength is due to the development of a quite uniform dense 
microstructure (see Fig. 4a); a clay addition also has an ef¬ 
fect associated with its amorphization and formation of new 
grain shapes during prolonged milling, which has a catalytic 
effect, i.e., accelerates sintering at the initial stage at temper¬ 
atures from 600 to 750°C, and at 1300°C the clay particles 
act as natural nanomaterials or so-called nanoreactors. 

Conversely, the samples sintered conventionally are 
characterized by lower compression strength because the 
recrystallization of mullite crystals is more complete and be¬ 
cause of the crystallinity of the particles in the powder syn¬ 
thesized by the hydrothermal method. 

The effect of spark plasma sintering on the formation and 
development of the mullite phase and pseudocubic zirco¬ 
nium dioxide in the samples with and without clay addition 
was studied in the present work. The changes due to the for¬ 
mation of the microstructure of sintered samples were ana¬ 
lyzed. Likewise, the regularities in the development of linear 
shrinkage of the samples as a function of the temperature re¬ 
gime of spark plasma sintering were determined and a rela¬ 


tion was established between the apparent density and the 
compression strength of the samples. 

The development of a mullite phase and pseudocubic zir¬ 
conium dioxide with increasing sintering temperature was 
found in the samples sintered from powders after milling. A 
similar tendency is also observed for samples obtained from 
hydrothermally synthesized powders. The clay and yttrium 
oxide additions in these samples as well as the vacuum me¬ 
dium also promote the development of a mullite phase and 
pseudocubic zirconium dioxide, and a decrease of zircon in 
the samples with clay is observed. 

The microstructure of both samples is quite dense, but 
for the sample obtained from powder after hydrothermal syn¬ 
thesis an amorphously similar microstructure is observed. 
Improvement and crystallization of mullite crystal is clearly 
seen in samples obtained from powders by the conventional 
method, compared with the sample obtained from powder af¬ 
ter hydrothermal synthesis. 

The linear shrinkage increases in all samples sintered 
from powders after milling right up to temperature 1200 
(1250)°C. At the same time the increase of the linear shrink¬ 
age for samples sintered from hydrothermal powders is 
sharper at temperatures 900 - 1000°C. This can be explained 
by the “breakdown” of agglomerates with new, small, active 
particles being formed. 

The changes in the apparent density are uniform for all 
samples, increasing somewhat for samples with clay addi¬ 
tion. The compression strength increases most rapidly for 
samples with clay addition, on which the micro structure and 
clay addition have a positive effect, especially after 24 h 
milling. Samples sintered conventionally and by the spark 
plasma method from powders synthesized by the hydrother¬ 
mal method show lower apparent density and lower com¬ 
pression strength. 
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